This study was conducted to investigate the effects of water deficit stress and shading on two wheat cultivars (Triticum durum Desf. cv Om Rabiaa and cv Maali). Comparison was based on growth, leaf water relations, photosynthetic pigments and the accumulation of organic solute. In both cultivars, water stress deficit significantly decreased total dry mass (TDM), leaf area (LA), water potential (Ψw), osmotic potential (Ψπ) and relative water content (RWC). Photosynthetic pigments, i.e. chlorophyll a (Chl a), chlorophyll b (Chl b) and total chlorophyll (Tot Chl), decreased while carotenoids (car) increased. Proline concentration increased significantly in water stressed plants under full light conditions while sugar accumulated more under shade conditions. In addition, shade improved leaf area, leaf water potential, and osmotic potential as well as alleviated the negative drought impact on photosynthesis performance. For the Maali cultivar, the reduction in RWC and its inability to achieve osmotic adjustment (OA) emphasize this cultivar's sensitivity to water deficit stress. For the Om Rabiaa cultivar, the ability to avoid relative tissue dehydration and preserve a higher RWC with a significant increase in OA in shade-treated plants were tolerance mechanisms enabling this cultivar to absorb water effectively and sustain normal growth and productivity under water stress conditions.
Introduction
Wheat (Triticum durum Desf.) is a staple food crop and the most widely distributed cereal crop in Tunisia (Ayed et al., 2017) . In many rainfed agricultural areas, water stress deficit is a major constraint affecting cereal production and yield in arid and semi-arid regions (Sassi et al., 2012) . Light, however, is considered a key physical factor controlling many biological processes including photosynthesis, transpiration, respiration, chlorophyll synthesis, photoperiodism and photomorphogenesis (Li et al., 2011) . Drought and light are not independent either in space or in time and may cause a variety of plant responses which can be additive, synergistic or antagonistic. In semiarid and arid environments, shading with lower levels of water deficit and cooler temperatures may be an intermediate solution for reducing plant water stress (Nicolas et al., 2008) , but it can also aggravate the growth of seedlings exposed to drought (Carneiro et al., 2015) . Since water availability and light are often the main factors affecting productivity in dry regions, strategies to improve sustainable use of water and plant drought tolerance are of paramount interest (Dolferus, 2014) . Drought intensity and length are also determining factors when studying the effects of water stress on plants. In this study, we examined the effect of light and water availability on the early development of two of the most common wheat cultivars in local production in Tunisia (Slama et al., 2005) . Exploring the variability of plant water relations behavior would make it possible to select tolerant cultivars and provide a scientific basis for improving wheat yield in response to variations in environmental conditions. Plant water status equilibrates with soil water content through water potential, but internal ecophysiological processes allow for the maintenance of cell water content, as proline metabolism or the increase in soluble sugar concentration, impacting osmotic pressure (Anjum et al., 2011) . In addition, reduced transpiration processes through stomatal closure under dry conditions might increase leaf temperature and affect photosystems, in turn reducing carbon assimilation (Embiale et al., 2016) . How cultivars manage to adjust their water status under various climate conditions and how these adjustments impact their final carbon assimilation and productivity is needed for their scientifically-sound selection under peculiar cultivation practices. The objectives of this work were (1) to investigate the effects of water deficit stress and shade on the eco-physiological responses of two wheat cultivars and (2) to compare their ability to grow under different environmental conditions.
Materials and Methods
Plant material and experimental design: The experiment was done on two Tunisian wheat cultivars (Triticum durum Desf. cv Om Rabiaa and cv Maali). Seeds were sterilized in a solution of 20% sodium hypochlorite, washed with distilled water and germinated in peat. The seedlings obtained were irrigated with deionized water to soil field capacity (100% FC) and placed in culture chamber. The environmental conditions were a temperature of 23 ± 3 ) of full irradiance, hereafter, L (full light) and S (shade). Seedlings of each light treatment were randomly divided into three watering treatments, Ww (well watered treatment, 100 % FC), Wm (moderate water stress, 66 % FC) and Ws (severe water stress, 33% FC). The plants were irrigated with Hoagland nutrient solution at half strength and soil moisture was restored to 100, 66 or 33% FC at the time of regular weightings (every 2 days). Each treatment was done in triplicate. Treatments were maintained for two weeks, after which seedlings from each water x light combination were harvested.
Plant growth and water relations: Fresh weight (FW) of plant samples was determined upon harvesting and total dry matter (TDM) was obtained after oven drying at 70°C until a constant weight was reached. Total leaf area was measured with a Delta T Image Analysis System (Delta T Ltd, England, UK). Midday leaf water potential (Ψw) measurements were recorded between 12h 30 and 13h 30 in the third youngest fully expanded leaf using a Scholander pressure chamber (SKPM 1400; Skye instruments Ltd, England, UK). For measurements of osmotic potential (Ψπ), leaves were frozen with liquid N2 before being pressed by a syringe then centrifuged. The osmolarity of the leaf sap was measured by the freezing point depression method using a Digimatic osmometer (OSMOMAT 3000, Gonotec, Berlin, Germany) and then converted from mosmoles kg -1 to MPa according to the Van't Hoff equation (Ψπ = -n R T; where R is the universal gas constant, T is the temperature (K) and n is the osmolarity). Relative water content (RWC) was estimated using the following equation:
where FW is the fresh weight determined after harvest, TW is the turgid weight obtained after soaking leaves in distilled water for 24 h at room temperature (20°C) and DW is the dry weight obtained after oven drying at 70°C until a constant weight was reached. Leaf osmotic adjustment (OA) was determined as the difference Ψπ0RWC0 -ΨπRWC, where Ψπ0RWC0 is the product of 
Analysis of chlorophyll and organic metabolites:
Chlorophyll content was determined using the acetone method described by Lichtenthaler (1987) . Proline colorimetric determination proceeded according to Bates et al., (1973) based on proline reaction with ninhydrin, using L proline as a standard. The content of total soluble carbohydrates was determined according to Mc Cready et al., (1950) and Staub (1963) , using glucose as a standard.
Statistical analysis:
The experiment was arranged in a randomized complete block design. All data were expressed as mean ± standard error (SD) and the means of the three replicates were compared using a one-way analysis of variance (ANOVA). Two and three-way ANOVA tests were performed using the General Linear Model procedure and the differences between treatments were compared using Duncan's multiple range test (p≤0.05). SPSS ver 20.0 software (SPSS statistics, Chicago, USA) was used for all statistical analysis.
Results and Discussion
Water relations: Results showed that water stress led to a significant decrease in the leaf water potential (Ψw) of both cultivars. The reductions in Ψw were more severe under full light than those measured under shade (Table 1) .Under full light conditions, Ψw was -1.23 MPa in control plants, while reaching -2.08 MPa and -2.23 MPa with severe water deficit stress in Om Rabiaa and Maali cultivars, respectively. Leaf Ψw responds to soil water deficit by adjusting its potential to soil water potential, illustrating the higher plant deficit in less watered experiments. Shaded conditions reduced potential evapotranspiration and in turn plant water demand and the resulting actual plant transpiration and soil water content (Bakhshy et al., 2013) . In turn, shading improved Ψw even at the highest water deficit stress, which increased to -1.72 MPa and -1.93 MPa in Om Rabiaa and Maali cultivars, respectively. Carneiro et al., (2015) put forth the idea that the improved performance of shaded plants may also be related to better conditions both in terms of temperature and humidity. In addition, we showed a variation for drought tolerance between the two cultivars. Under full irradiance, relative water content (RWC) decreased significantly with increasing water deficit stress in the Maali cultivar and the Om Rabiaa cultivar preserved the highest RWC value suggesting the ability of this cultivar to avoid relative tissue dehydration. Reduced RWC under severe water stress was reported in other studies (Siddique et al., 2000; Tasmina et al., 2016; Mahmoud et al., 2018) . On the other hand, shading alleviated drought stress in the Om Rabiaa cultivar by conserving more water and maintaining a higher leaf RWC, as a consequence of reduced potential evapotranspiration (Cavatte et al., 2011) . The analysis of variance revealed a significant effect on RWC between the two cultivars. This could be explained by differences between wheat cultivars in root performance to extract soil water and/or in the stomatal ability to control water loss through evaporative surfaces (Saeidi & Abdoli, 2015) . We searched for ecophysiological mechanisms adjusting plant water status. Leaf osmotic potential (Ψπ) decreased significantly in the Om Rabiaa cultivar, whereas for the Maali cultivar, the reduction in Ψπ was not significant under full light conditions. Under shade conditions, reductions in Ψπ with increasing water stress deficit were greater in the Om Rabiaa than in the Maali cultivar. The greater ability of Om Rabiaa cultivar to decrease its osmotic potential is an adaptive mechanism that promotes maintenance of high tissue water content and tolerance to low water availability (Guo et al., 2013) . When drought stress level was high, active osmotic adjustment (OA) was triggered, thus helping maintain leaf turgor (Rodriguez et al., 2012) . Increased RWC in the Om Rabiaa cultivar was concomittent with a significant increase in leaf Osmotic adjustment (OA). In the Maali cultivar, there was no significant difference in OA in any of the stressed plants. Statistical analysis (Table 1) revealed that there were strong interactions in water potential, osmotic potential, relative water content and osmotic adjustment under different light intensities and cultivars. For the Maali cultivar, both the significant reduction in RWC and its inability to achieve osmotic adjustment emphasize this cultivar's sensitivity to water deficit stress. For the Om Rabiaa cultivar, the ability to avoid relative tissue dehydration and preserve a higher RWC with a significant increase in OA in shade-treated plants, confirmed the tolerance of this cultivar to water deficit stress. Table 2 shows that leaf proline (Pro) concentration increased significantly with increasing water deficit stress in both cultivars under full irradiance. In well watered plants, Pro concentration was higher in the Maali than in the Om Rabiaa cultivar. An increase in proline would lower the osmotic potential in the cells, thus helping maintain turgor under water stress (Ghobadi et al., 2013) . The same results have been found for other plant species (Li et al., 2011; Kwon &Woo, 2016) . Under shade conditions, proline accumulation was markedly reduced in both cultivars. This could be explained by the fact that shaded plants exposed to water stress have probably not yet reached the threshold of stress which triggers the overexpression of the genes responsible for the biosynthesis of proline (Cavatte et al., 2011) . Therefore, the decrease of osmotic potential in shaded plants with no increase in proline content in both cultivars suggest that there are other metabolites implicated in osmotic adjustment. Our results showed an increase in soluble sugar (SS) content under water deficit stress for both cultivars under full iradiance, while SS increased only for the Om Rabiaa cultivar under shade conditions. This indicates that sugars could help regulate and maintain physiological process activity within the plant in a water-stress environment by raising the osmotic potential of the cells. Our results agreed with those of Farooq et al., (2009) who reported an increase in leaf SS concentrations under water deficit with a large variability among plants. The three-way ANOVA revealed that there was a significant difference in proline under different water deficit stresses and light intensities and a strong interaction in soluble sugars between the cultivar and water regime. A significant two-way interaction was observed on proline and soluble sugar content between the light intensities and three-way interactions among the cultivars, light and water only for SS. Table 3 shows that under different light intensities, water deficit stress induced a significant decrease in chlorophyll a (Chla) and an increase in carotenoids (Car) in the Om Rabiaa cultivar. For the Maali cultivar, increasing water deficit stress significantly decreased Chl a, Chl b and total chlorophyll (Tot Chl) under full light conditions and increased Car under shade conditions. The decrease in chlorophyll content could be caused by the impaired structure of chloroplasts or the chlorophyll biosynthesis pathway while increased carotenoid content could be due to the protectant role of this pigment against reactive oxygen species (Saeidi & Abdoli, 2015) . Similar effects have been observed in Triticum aestivum seedlings (Guo et al., 2013) and tomato seedlings (Wang et al., 2018) . On the other hand, we showed that shading increased chlorophyll, decreased carotenoid and alleviated the negative impact of drought on photosynthetic pigment content. Statistical analysis showed that there was significant effect (p≤0.05) of light intensity and water status on all photosynthetic pigments. It also showed that, except for carotenoids, there was a significant difference between cultivars. No significant three-way interaction was observed on photosynthetic pigments for the cultivars or based on light intensity. The results of this experiment are in accordance with the data of Zhang et al. (2016) .
Impacts on photosynthetic pigments:
Impacts on carbon assimilation and final plant growth: Table 4 shows that total dry mass (TDM) of both Om Rabiaa and Maali cultivars decreased significantly in water stress conditions under the different light intensities. In full light conditions, the Om Rabiaa cultivar showed the lowest reduction in TDM when compared to its control. The maximum biomass reduction recorded under severe water stress (33% of field capacity) was 50% for the Maali cultivar whereas it did not exceed 30% for the Om Rabiaa cultivar. Being able to maintain growth and productivity under stress conditions highlighted the tolerance of the Om Rabiaa cultivar to water deficit stress (Dolferus, 2014) . Under shade conditions, lower TDM, even in well-watered cultivars could be caused by reduced light availability (Abraham et al., 2014) . The effects of water stress on straw length (SL) were not significant for either cultivar in full light conditions. However, in shade conditions, SL was significantly decreased compared to values recorded in full light. On the other hand, results showed that the reduction of leaf area (LA) under full light conditions was greater in the Om Rabiaa cultivar. The reductions taken down were 50% and 40% for the Om Rabiaa and Maali cultivars, respectively. The higher capacity of Om Rabiaa cultivar to reduce its leaf area may be an adaptive mechanism to water deficit stress (Kwon &Woo, 2016) . Under shade conditions, the LA was remarkably improved for both cultivars. Increased LA under shade conditions has been reported in other plant species (Diaz-Perez, 2013; Abraham et al., 2014; Zhang et al., 2016) . Our results showed that the Om Rabiaa cultivar could grow adequately under water deficit and a low level of light by increasing its specific leaf area, thereby maximizing the carbon gain per unit of leaf mass. The three-way ANOVA revealed that there was a significant difference among TDM, SL and LA under different water conditions, light intensities and cultivars (Table 4) . Moreover, there were significant two-way interactions in TDM, SL and LA between the cultivars, light and water. In addition, a significant three-way interaction was observed among these factors. 13,24 ± 0,94 ab C *** *** *** LI *** *** *** W *** *** *** C x LI *** * *** C x W *** ** *** LI x W ** ** *** C x LI x W * *** *** TDM-total dry mass; SL-straw length; LA-leaf area; C-cultivars; LI-light intensity; W-water. L-full light; S-shade; Ww-well-watered; Wm-moderate water stress; Ws-severe water stress. Data represent means ± standard error (SE) of three replicates. Different letters in each column in same cultivar indicate significant differences between the treatments at p<0.05. *, **, ***, significant at p<0.05, p<0.01 and p<0.001, respectively
Conclusions
Responses to water deficit stress were variable in the two wheat cultivars. The Om Rabiaa cultivar clearly exhibited a stronger ability to resist stress caused by drought than did the Maali cultivar. The ability to maintain a higher RWC and the increase in osmotic adjustment and leaf area in the shade-treated plants might be efficient mechanisms in stress conditions, enabling Om Rabiaa cultivar to absorb water effectively and sustain normal growth and productivity under water stress conditions. Thus, the Om Rabiaa cultivar is more suitable for cultivation in shaded semi-arid farming systems.
